We study the impact of the symmetry energy on properties of nuclear pasta phases and crustcore transition in neutron stars. We perform a self-consistent Thomas-Fermi calculation employing the relativistic mean-field model. The properties of pasta phases presented in the inner crust of neutron stars are investigated and the crust-core transition is examined. It is found that the slope of the symmetry energy plays an important role in determining the pasta phase structure and the crust-core transition. The correlation between the symmetry energy slope and the crust-core transition density obtained in the Thomas-Fermi approximation is consistent with that predicted by the liquid-drop model.
I. INTRODUCTION
Neutron stars are great laboratories for the study of asymmetric nuclear matter over a wide range of density. With increasing depth in the neutron star, the matter density may rise from the subnuclear region to several times normal nuclear matter density [1, 2] . In general, a neutron star consists of an outer crust of nuclei in a gas of electrons, an inner crust of nuclei in a gas of neutrons and electrons, and a liquid core of uniform dense matter [2] [3] [4] . The inner crust of neutron stars has drawn much attention due to its complex phase structure and significant role in astrophysical observations [5] [6] [7] [8] . In the inner crust, spherical nuclei may become unstable as the density increases toward the crustcore transition, and the stable nuclear shape is likely to change from droplet to rod, slab, tube, and bubble, known as nuclear pasta phases [6] [7] [8] [9] [10] . The crust-core transition occurs at the density where the energy density of the homogeneous matter becomes lower than that of the pasta phase. During the last decades, the properties of pasta phases have been investigated by using various methods, such as the liquid-drop model [6, 10, 11] and the Thomas-Fermi approximation [8, 9, 12, 13] . In Ref. [12] , the density region of nonspherical nuclei was evaluated by using a parametrized Thomas-Fermi approximation, which was found to be sensitive to the density dependence of the nuclear symmetry energy. In Ref. [8] , a self-consistent Thomas-Fermi approximation was used to calculate properties of the inner crust including pasta phases, and it was found that the symmetry energy and its slope could have significant impacts on the pasta phase structure and crust-core transition. In our previous work [10] , the effects of the symmetry energy on pasta phase properties and crust-core transition were investigated by employing the coexisting phases method based on a liquid-drop model, and the correlation between the symmetry energy slope and the crust-core transition was obtained and analyzed. It is noticeable that the symmetry energy and its slope could play an important role in determining the pasta phase structure and crust-core transition in neutron stars.
In recent years, the nuclear symmetry energy and its density dependence have received great interest due to their importance for understanding many phenomena in nuclear physics and astrophysics [14] [15] [16] [17] . The value of the symmetry energy E sym at saturation density is constrained by experiments to be about 30 ± 4 MeV, while its slope L at saturation density is still very uncertain and may vary from about 20 to 115 MeV [18] . It has been found that various properties of neutron stars, such as the crust structure, the crust-core transition, and the star radius, are sensitive to the symmetry energy E sym and its slope L [8, 12, 19, 20] . In Ref. [19] , the impact of the symmetry energy on the crust-core transition was examined using various effective Skyrme and relativistic approaches, in which the crustcore transition density obtained from the dynamical and thermodynamical methods showed a clear decrease with increasing L. The correlation between the crust-core transition density and the symmetry energy slope L has been extensively studied in the literature using various methods [8, 10, 12, 19] . It is shown that the resulting transition density depends on the method and effective nuclear interaction used in the calculation. It is important to make further investigations in order to determine a clear correlation between the symmetry energy slope L and the crust-core transition.
The main purpose of this article is to investigate the impact of the symmetry energy on pasta phase properties and explore the correlation between the symmetry energy slope L and the crust-core transition. We perform a self-consistent Thomas-Fermi calculation employing the relativistic mean-field (RMF) model [21, 22] for nuclear interactions. In the Thomas-Fermi approximation, the surface effect and nucleon distributions are treated self-consistently, rather than by assuming a sharp interface as in the coexisting phases method [10] . In our most recent study [23] , we made a detailed comparison between the Thomas-Fermi (TF) approximation and the coexisting phases (CP) method with only the droplet configuration. It is interesting to compare their difference in pasta phases including all configurations as mentioned above. For the nuclear interaction, we adopt the RMF model with two different parametrizations, TM1 [24] and IUFSU [25] , both of which are known to be successful in describing the ground-state properties of finite nuclei, including unstable ones. In the RMF approach, nucleons interact via the exchange of scalar and vector mesons, and the model parameters are generally fitted to nuclear matter saturation properties or ground-state properties of finite nuclei. The TM1 parametrization includes nonlinear terms for both σ and ω mesons, while an additional ω-ρ coupling term is added in the IUFSU parametrization. It is well known that the ω-ρ coupling term plays a crucial role in modifying the density dependence of the symmetry energy and affecting the neutron star properties [16, 20, [25] [26] [27] . In order to evaluate the impact of the symmetry energy slope L on pasta phase properties and crust-core transition, we employ two sets of generated models based on the TM1 and IUFSU parametrizations as given in Ref. [23] . The model parameters were determined by simultaneously adjusting g ρ and Λ v so as to achieve a given L at saturation density n 0 while keeping E sym fixed at a density of 0.11 fm −3 . We note that the fixed density in Ref. [10] was chosen to be the saturation density, namely, n fix = n 0 , whereas n fix = 0.11 fm −3 was used in Ref. [23] . It has been shown in Ref. [23] that the choice of the fixed density n fix = 0.11 fm −3 could produce very similar binding energies for finite nuclei within one set of generated models. Furthermore, all models in each set have the same isoscalar saturation properties and fixed symmetry energy at n fix = 0.11 fm −3 , but they have different symmetry energy slope L. By using the set of models with different L, it is possible to study the impact of L on pasta phase properties and explore the correlation between L and the crust-core transition.
This article is organized as follows. In Sec. II, we briefly describe the RMF model and the self-consistent TF approximation used in this study. In Sec. III, we present the numerical results and examine the impact of the symmetry energy on pasta phase properties, while the correlation between the symmetry energy slope L and the crust-core transition is discussed.
Section IV is devoted to the conclusions.
II. FORMALISM
The inner crust of neutron stars is studied within the TF approximation by employing the RMF model for nuclear interactions. In the RMF model [21, 22] , nucleons interact through the exchange of various mesons. The mesons considered here are the isoscalar-scalar meson σ, the isoscalar-vector meson ω, and the isovector-vector meson ρ. For a system consisting of protons, neutrons, and electrons, the Lagrangian density reads 
where n s i and n i denote, respectively, the scalar and number densities of species i. The equations of motion for nucleons give the standard relations between the densities and chemical potentials,
where M * = M + g σ σ is the effective nucleon mass, and k i F is the Fermi momentum of species i, which is related to the number density by
The matter in the inner crust of neutron stars contains protons, neutrons, and electrons under the conditions of β equilibrium and charge neutrality. We employ the Wigner-Seitz cell approximation to describe the inner crust, in which the equilibrium state is determined by minimization of the total energy density at zero temperature. The stable cell shape may change from droplet to rod, slab, tube, and bubble as the density increases. For simplicity, we assume the electron density is uniform throughout the Wigner-Seitz cell, since the electron screening effect is known to be negligible at subnuclear densities [28] . Furthermore, we also neglect the correction caused by the Coulomb interaction with charged particles in other cells, which is negligibly small in most cases [29, 30] . In the TF approximation, the total energy per cell is calculated from
where ε e is the electron kinetic energy density, and ε rmf (r) is the local energy density at position r, which is given in the RMF model by
Here, we consider different pasta configurations, including the droplet, rod, slab, tube, and bubble. The volume of the Wigner-Seitz cell for different configurations can be written as (rod and tube),
where r ws is the radius of a spherical cell for the droplet and bubble configurations, while the rod and tube have cylindrical shapes with radius r ws and length l, and the slab has width l and thickness 2r ws . We note that the choices of the length for a cylindrical shape and the width for a slab are somewhat arbitrary [8] , which would not affect the resulting energy density of the system.
At a given average baryon density n b , we minimize the total energy density with respect to the cell size r ws for each pasta configuration, and then we compare the energy densities between different configurations in order to determine the most stable shape that has the lowest energy density. Furthermore, the energy density of the corresponding homogeneous phase at the same n b is also computed, and the crust-core transition occurs at the density where the energy density of the homogeneous phase becomes lower than that of the pasta phase. In order to calculate the total energy per cell given by Eq. (8) at fixed r ws and n b , we solve the coupled Eqs. (2)- (5) under the constraints of β equilibrium, charge neutrality, and baryon number conservation, which have the following form:
In practice, we start with an initial guess for the mean fields σ(r), ω(r), ρ(r), and A(r), then determine the chemical potentials µ n , µ p , and µ e by the constraints (11)- (13) . Once the chemical potentials are obtained, it is easy to calculate various densities and solve Eqs. (2)- (5) to get new mean fields. This procedure should be iterated until convergence is achieved.
III. RESULTS AND DISCUSSION
In this section, we present numerical results for the inner crust of neutron stars, and we discuss the impact of the symmetry energy on pasta phase properties and crust-core transition. The results obtained from the self-consistent TF calculation are compared with those obtained using the CP method [10] . For the effective nuclear interaction, we consider two successful RMF models, TM1 [24] and IUFSU [25] . The parameter sets and saturation properties of these two models are given in Tables I and II , respectively. In order to clarify the correlation between the symmetry energy slope L and the crust-core transition, we employ two sets of generated models based on the TM1 and IUFSU parametrizations as given in
Ref. [23] . It is noticeable that all models in each set have the same isoscalar saturation properties and fixed symmetry energy E sym at a density of 0.11 fm −3 but have different symmetry energy slope L. These models have been generated by simultaneously adjusting g ρ and Λ v so as to achieve a given L at saturation density n 0 while keeping E sym fixed at a density of 0.11 fm −3 as described in Ref. [23] . The parameters, g ρ and Λ v , generated from the TM1 and IUFSU models for different L are given in Tables III and IV, respectively. In Fig. 1 , we plot the symmetry energy E sym as a function of the baryon density n b for the two sets of models generated from TM1 (upper panel) and IUFSU (lower panel). One can see that all models in each set have the same E sym at a density of 0.11 fm −3 , but they have different values of E sym at lower and higher densities due to the difference in the slope L. It is obvious that a smaller L corresponds to a larger (smaller) E sym at lower (higher) densities.
It will be shown below that the behavior of E sym plays a crucial role in determining the pasta phase structure and the crust-core transition.
We first present the phase diagram for the inner crust of neutron stars and discuss the influence of the symmetry energy slope L on the pasta phase structure. In Fig. 2 , the density ranges of various pasta phases obtained from the self-consistent TF calculation are displayed for the two sets of generated models, IUFSU (left panel) and TM1 (right panel). It is found that only the droplet configuration can occur before the crust-core transition for L ≥ 80
MeV, whereas the pasta phase structure may change from droplet to rod, slab, tube, and bubble for smaller values of L (e.g., L = 50 MeV). As one can see from Fig. 2 , the onset density of nonspherical nuclei, i.e., the transition density from droplet to rod, significantly decreases with decreasing L in the low-L region (L ≤ 70 MeV). This behavior is consistent with that reported in Ref. [12] . It can be understood from a fission-like instability of spherical nuclei predicted in the liquid-drop model [12, 31] , in which a spherical liquid drop becomes unstable to quadrupolar deformations when the volume fraction of the liquid drop reaches the fission-instability criterion, u = (r d /r ws ) 3 = 1/8, with r d and r ws being, respectively, the radii of the droplet and the Wigner-Seitz cell. From Fig. 4 below, we can see that a
smaller L corresponds to a larger value of r d /r ws in the droplet phase at low densities, and, therefore, the model with a smaller L results in an earlier onset of nonspherical nuclei, as shown in Fig. 2 . On the other hand, the onset density of homogeneous matter significantly decreases with increasing L, which has also been observed in earlier studies [8, 10, 12, 17] .
This trend may be understood from the energy-density curvature of pure neutron matter.
According to the analysis in the liquid-drop model [17] , the energy-density curvature of pure neutron matter at saturation density, C NM (n 0 ), is approximately proportional to L, and the inhomogeneous phase occurs in the spinodal region of asymmetric nuclear matter where the energy density has a negative curvature. A rough analysis implies that the larger C NM (n 0 ) is, the farther away a spinodal border of β-equilibrium matter deviates from the saturation density n 0 . Therefore, the model with a larger L leads to a smaller onset density of homogeneous matter, as shown in Fig. 2 [see also Fig. 9(a) ]. We conclude that a smaller value of L results in an earlier onset of nonspherical nuclei and a later transition to homogeneous matter. Hence, the model with a smaller L predicts a more complex phase structure and a larger density range of pasta phases in neutron star crusts.
The phase diagram obtained in the present TF calculation is very similar to that obtained using the CP method [10] . However, the bubble configuration could not appear even with the lowest L by using the CP method [10] . In order to make a detailed comparison of the pasta phase structure between the TF and CP calculations, we present in Table V models. It is shown that only the droplet configuration appears in the case of TM1 for both TF and CP, which is due to its very large value of L. On the other hand, the original IUFSU model predicts that almost all pasta phases can occur before the crust-core transition due to its small value of L. From Table V , we can see that there are visible differences in the onset densities between TF and CP. This is mainly caused by the different treatments of surface and Coulomb energies [23] , which play an essential role in determining the phase shape. It is found that the onset density of homogeneous matter, i.e., the crust-core transition density, obtained in the TF approximation is slightly higher than that obtained using the CP method.
This is because the configuration space of TF is much larger than that of CP, and, therefore, a lower energy density can be achieved in the minimization procedure of the TF calculation, which leads to a higher crust-core transition density. In Fig. 3 , we plot the energy per nucleon of the pasta phase relative to that of homogeneous matter, ∆E, as a function of the average baryon density, n b , obtained from the TF and CP calculations using the original IUFSU model. One can see that there are significant differences in ∆E between TF and CP at lower densities, whereas the differences become much smaller in the pasta phase region.
The comparison between TF and CP at low density with the droplet configuration has been extensively discussed in our previous work [23] , and it was found that the simple CP method could not describe the nonuniform matter around the neutron drip density due to its energy being higher than that of homogeneous matter. From Fig. 3 , it is seen that ∆E of the CP calculation becomes positive at n b < 0.003 fm −3 , which is consistent with the onset density of the droplet phase given in Table V . On the other hand, the crust-core transition occurs at relatively high density, beyond which ∆E becomes positive. Although the differences in ∆E between TF and CP calculations at higher densities are rather small (on the order of a few keV), it may lead to visible differences in the onset densities as shown in Table V .
We note that the differences in the energy per nucleon between different pasta shapes are of the order of 0.1-1 keV, which has also been reported in Refs. [11, 29] . Therefore, the pasta phase structure is very sensitive to the method and nuclear interaction used in the calculation.
In the present study, we focus on the correlation between the symmetry energy slope L and pasta phase properties. In Fig. 4 , the size of the Wigner-Seitz cell, r ws , and that of 
with D = 1, 2, 3 being the geometrical dimension of the system. The average values, n p and n 2 p , are calculated over the cell volume V cell given by Eq. (10). From Fig. 4 , one can see that the model with the smallest L yields a rather complex structure of the inner crust, whereas only the droplet phase appears in the case with the largest L. It is found that r ws and r d show significant jumps at the transition points between different pasta shapes, which indicates that the transition is first order. One can see that r ws decreases with n b at lower densities, while it rapidly increases before the crust-core transition in the case of small L.
A similar behavior of r ws was also observed in Ref. [8] .
It is of interest to compare the results between the TF and CP methods. In Fig. 5 To examine the influence of L on properties of the inner crust, we perform self-consistent TF calculations using the two sets of generated models based on the TM1 and IUFSU parametrizations. In Fig. 6 , we present the following quantities: (a) the average proton fraction Y p ; (b) neutron densities of the liquid phase and the gas phase, n n,L and n n,G , at the center or boundary of the cell; and (c) the proton density of the liquid phase, n p,L , at the center or boundary of the cell. As one can see from Fig. 6(a) , Y p decreases rapidly with increasing n b at lower densities and shows a significant L dependence at higher densities. It is found that a smaller L corresponds to a larger Y p at a fixed n b . This trend is related to the density dependence of E sym shown in Fig. 1 . Since E sym has been fixed at n b = 0.11 fm −3 , a smaller L in one set of generated models corresponds to a larger E sym at lower densities (n b < 0.11 fm −3 ). It is well known that a larger E sym favors a higher Y p in homogeneous β-equilibrium matter. Therefore, a smaller L results in a larger Y p at the density close to the transition to homogeneous matter. The correlation between L and Y p is consistent with those reported in Refs. [8, 12] . A clear L dependence is also observed in Fig. 6(b) , in which a smaller L corresponds to larger n n,L and smaller n n,G . The L dependence of n n,L and n n,G can be explained by the density dependence of E sym as discussed above. It is shown in Fig. 1 that a smaller L corresponds to larger E sym at n b < 0.11 fm −3 and smaller E sym at n b > 0.11 fm −3 . Therefore, the model with a smaller L favors more neutrons in the liquid phase and fewer neutrons in the gas phase, which results in larger n n,L and smaller n n,G , as shown in Fig. 6(b) . We note that the behaviors of n n,L and n n,G obtained in the present study are consistent with those reported in Refs. [8, 12] . On the other hand, the behavior of n p,L is somewhat complicated, as shown in Fig. 6 According to Eqs. (6) and (7), the value of g ρ ρ plays an essential role in determining the chemical potentials µ p , µ n , and µ e = µ n − µ p . One can see from Tables III and IV that the model with a smaller L has relatively larger g ρ and Λ v , which yields a larger value of g ρ ρ. Therefore, the model with a smaller L leads to larger µ e and µ n , as well as smaller µ p . By comparing results between TM1 and IUFSU, we find that the two sets of generated models have similar L dependence for all properties mentioned above. These results are also consistent with those reported in Refs. [8, 10, 12, 23] .
It is interesting to see how the density profile evolves through various pasta phases as the density increases. In Fig. 8 Finally, we discuss the correlation between the symmetry energy slope L and the crustcore transition. In Fig. 9 , we display the crust-core transition density n b,t and the proton fraction and the pressure at the transition point, Y p,t and P t , as a function of L obtained from the self-consistent TF calculation using the two sets of generated models based on the TM1 and IUFSU parametrizations. As one can see from Fig. 9(a) , there is a clear correlation between L and n b,t ; namely, n b,t decreases monotonically with increasing L. This correlation is consistent with those reported in Refs. [8, 10, 12, 19] . Compared to the results obtained using the CP method [10] , the transition densities obtained from the present TF calculation are slightly higher, which may be related to the differences in configuration space and treatments of surface and Coulomb energies. From Fig. 9(b) , it is seen that Y p,t decreases significantly with increasing L. This trend is very similar to that observed in Refs. [10, 19] .
It can be understood from the density dependence of E sym shown in Fig. 1 . As mentioned above, a smaller L in one set of generated models corresponds to a larger E sym at n b < 0.11 fm −3 , and a larger E sym favors a higher Y p in homogeneous β-equilibrium matter. Therefore, a smaller L results in a larger Y p,t as illustrated in Fig. 9(b) . The L dependence of the transition pressure P t is nonmonotonic, as shown in Fig. 9(c) . It is found that P t decreases with increasing L in the large-L region (L > 60 MeV), whereas the opposite behavior is observed for L < 60 MeV. A similar behavior was also observed in Ref. [10] . The nontrivial L dependence of P t is due to a competing effect, as discussed in Refs. [10, 17] . For neutronrich matter at fixed density and proton fraction, the pressure would increase with increasing L. However, the decrease of n b,t shown in Fig. 9 (a) leads to a decrease of the pressure with increasing L. As a result, P t depends on L nonmonotonically, as illustrated in Fig. 9(c) .
IV. CONCLUSIONS
In this study, we have investigated the impact of the symmetry energy on pasta phase properties within the self-consistent TF approximation. It has been found that the symmetry energy slope L plays an important role in determining the pasta phase structure and the crust-core transition. In order to clarify the influence of L, we have employed two sets of generated models based on the TM1 and IUFSU parametrizations that have the same isoscalar saturation properties and fixed symmetry energy at the density n b = 0.11 fm only the droplet configuration appears at low density, and the transition from droplet to homogeneous matter occurs at n b ∼ 0.062 fm −3 . Therefore, it can be concluded that the model with a smaller L results in a more complex phase structure and a larger density range of pasta phases for neutron star crusts. In addition, some properties of the inner crust such as the proton fraction, chemical potentials, and density profiles have also been found to be correlated to the symmetry energy slope L, which could be partly explained by the density dependence of the symmetry energy. We have compared the results of the present TF calculation with those obtained using the CP method. It has been found that, although there are quantitative differences between these two methods, the qualitative behaviors of the inner crust are very similar to each other, and they are consistent with those reported in earlier studies [8, 12] .
The correlation between the symmetry energy slope L and the crust-core transition has been examined in the TF approximation using the two sets of models generated from the TM1 and IUFSU parametrizations. It has been found that the crust-core transition density n b,t decreases monotonically with increasing L. This correlation is consistent with those reported in Refs. [8, 10, 12, 19] . Also, the proton fraction at the transition point Y p,t decreases significantly with increasing L, whereas the transition pressure P t shows a nontrivial dependence on L. These correlations obtained from the present TF calculation are consistent with those obtained using the CP method [10] . In the TF approximation, nuclear shell and pairing effects have been neglected. It is of interest to further consider neutron paring and superfluidity in the inner crust of neutron stars. tities E 0 , K, E sym , and L are, respectively, the energy per nucleon, incompressibility coefficient, symmetry energy, and symmetry energy slope at saturation density n 0 . 
